Abstract. Novel Low Transformation Temperature (LTT-) filler materials are specially designed for controlling residual stresses by means of adjusted martensite formation already during welding. Different alloying concepts compete for maximum stress reduction. Two newly developed LTTalloys were evaluated concerning their potential for residual stress control. For this purpose residual stresses were determined in the surface and also in sub-surface areas of welded joints using X-ray diffraction and Neutron diffraction taking into account local variations of the unstrained lattice parameter.
Introduction
Low transformation temperature (LTT) alloys are a smart approach for residual stress engineering in welding. Without any post weld treatments a beneficial residual stress state for different applications is aimed for. This means mostly unwanted tensile residual stresses can be avoided. Moreover, compressive residual stresses may be generated. The mechanism behind is a martensite formation at comparably low temperatures, typically around 180°C. The martensite formation counteracts the generation of tensile shrinkage stresses due to its volume expansion and the effect of transformation plasticity [1] - [3] .
LTT alloys are still in focus of research as the residual stresses resulting from the tailored phase transformation behavior are not yet completely understood. On the other hand some practical issues concerning solidification behavior and toughness are still to be solved. Most LTT related work found in the literature is based on weld filler materials showing chromium, nickel and carbon as main alloying elements [4] . In these approaches the Ms-temperature is mainly controlled by the amount of nickel. Beside this alloy concept single attempts were made to substitute nickel with manganese [5] . Such alloys exhibit a comparable austenite to martensite phase transformation behavior. The Ms-temperature can be varied similarly by the amount of manganese.
Results published regarding residual stresses in LTT joints give evidence about the existence of compressive residual stresses, especially when the material volume was evaluated [6] - [9] . Own investigations revealed that LTT welds may also show tensile residual stresses when the focus was put on the surface of the joints [10] . Especially near surface residual stress measurements in LTT joints are neglected in the literature. Therefore, any evaluation should incorporate the surface as well as the bulk material whenever possible. Within the present work two different LTT alloys are compared regarding the residual stresses in the surface and the material volume. For this purpose conventional X-ray diffraction (XRD) and Neutron diffraction (ND) were applied.
Experimental
Materials and welding. Based on already published chemical compositions two experimental LTT alloys were prepared. Some characteristics are presented in Table 1 . Both LTT materials show the main alloying elements chromium and nickel, respectively manganese. For reasons of weldability the carbon contents were kept below 0.1%. The Ms-temperatures show a difference of about 100 K. The materials were welded in form of flux-cored wires using MAG-process. Butt welds showing an opening angle of 60° were prepared according to Fig. 1 . Joining was performed manually (~160 A-180 A, ~25 V) in multi-run welding without any preheating in nine runs. As base material the high strength low alloyed steel S960QL (1.8933) according to EN 10025 in quenched and tempered condition was chosen in a thickness of 15 mm. X-ray stress measurement. The residual stresses were measured on the top surface of the samples using the well-known sin²ψ technique [11] . The measurement points were situated at half of the weld length according to Fig. 1 . While in the weld and heat affected zone a step size of 1 mm was chosen the base material was measured in 5 mm steps. Longitudinal as well as transverse residual stresses were determined using the parameters shown in Table 2 . Neutron stress measurement. Diffraction experiments were performed at the E3 beamline at the BERII facility of HZB in Berlin, Germany. As a multi-axial stress state was to be expected in the welded joints, strain measurement was necessary in three independent directions covering the 470 Residual Stresses IX longitudinal, transverse and weld depth direction. Using a neutron wavelength of ~1.486 Å the α-Fe {211} diffraction peak located at approximately 2Θ = 78° was utilized for strain measurement. The exposure time varied between 10 min to 20 min. From the strains in three individual directions the stresses can be calculated. A gauge volume of ~2·2·2 m³, adjusted by primary slits and a radial collimator, was chosen in order to have sufficient spatial resolution. To achieve an acceptable compromise of spatial resolution and measured sample size the measuring positions were realized as shown in Fig. 1 . Four measuring lines in distances of 3, 6, 9 and 12 mm to the plate surface were chosen. The measuring range included the weld and both sides of the heat affected zone while the base material was covered only single sided. As the LTT weld metals are higher alloyed compared to the base material the unstrained lattice parameter a0 was determined from appropriate reference specimens. For this purpose a thin comb was cut from each sample representing the weld cross section including the heat affected zone and the base material. The prongs of the comb were prepared using water jet cutting in order to avoid any thermal effects on the material. The unstrained lattice parameters are shown in Fig. 2 . Additionally, the full width half maximum (FWHM) measured on the plate surfaces by X-ray diffraction is included. It becomes clear, that the determination of a0 is crucial for reliable statements about residual stresses in high alloyed welds. The lattice parameter shows a gradient within the weld metal at which LTT A is affected more compared to LTT B as already indicated by the FWHM on the top surface. 
Results
Residual Stresses -Surface. Residual stresses found near the surface of both welds are presented in Fig. 3 . It is obvious, that the longitudinal residual stress distribution of the joints is quite similar in quality. Moreover, the residual stress level in the welds is almost identical. Solely the weld center is somewhat differing. The weld is characterized mainly by compressive residual stresses of up to -375 MPa particular adjacent to the heat affected zone. The transition to the heat affected zone shows a steep residual stress gradient. Therefore, this area is characterized by the highest tensile residual stresses of about 250 MPa. These tensile residual stress peaks are typical for transformation affected welds. Adjacent to the heat affected zone the residual stresses decrease to rather low levels. Slight differences are to be found between the joints here, as the residual stress level of LTT A is lower in selected points than LTT B, which may be attributed to manual welding. This applies also for the transverse direction. The heat affected zone shows residual stress levels up to -465 MPa
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here. Beside some single stress peaks the residual stress distribution in the weld is quite similar between both LTT joints, as already observed for the longitudinal direction. While the longitudinal direction is characterized by compression in the weld the transverse direction shows a diverse residual stress distribution. Tensile as well as compressive residual stresses from approximately the same magnitude are present. Taking into account that welding was performed manually the almost identical residual stress characteristics -despite different alloying concepts and varying Mstemperatures -may surprise. However, the results are in good correlation with former findings of the author and coworkers about surface residual stresses in LTT welds [10] . Residual Stresses -Volume. Longitudinal residual stresses found in the material volume are shown in Fig. 4 (left) for both LTT weld metals. Compressive residual stresses are mainly concentrated in the upper part of the weld, whereas the lower part is characterized by balancing tensile residual stresses. The highest compressive residual stresses registered are around -600 MPa (LTT A), respectively -670 MPa (LTT B). The high stress gradients found on the surface in the transition from the weld to the heat affected zone are also present in deeper layers. According to the V-shape of the joint the weld metals are surrounded by tensile residual stresses up to 870 MPa according to the strength of the base material. Contrary to the compressive residual stresses located mainly in the upper part of the weld metal, the tensile residual stresses of the heat affected zone are distributed almost equally adjacent to the weld including deeper layers, too. As stated already for the surface residual stress distribution, the residual stresses in the bulk material are quite similar in quality as well as quantity for both LTT joints despite single points showing deviant behavior. The observation that the absolute compressive residual stress level is increased in subsurface areas compared to the surface is conform to already published data [6] , [10] .
Residual stresses normal to the plate top surface are shown in Fig. 4 (right) . Note, that the residual stresses found in transverse direction are similar in quality but less in quantity and therefore are not shown. Within the weld area compressive as well as tensile residual stresses are present. Compressive residual stresses are mainly located in the upper part of the weld, similar to the longitudinal direction. The maximum residual stress level yields just about -320 MPa (LTT A) and -450 MPa (LTT B). Lower amounts of compressive residual stresses in normal/transverse direction compared to longitudinal direction were reported also in [6] - [9] . The heat affected zone shows the highest residual stress levels situated rather in the upper part of the joint. Solely tensile residual stresses exceeding 700 MPa are present. According to longitudinal direction single tensile stress peaks may be present in the weld metal as observed for LTT A in a depth of -6 mm from the top surface.
472
Residual Stresses IX It is remarkable, that the residual stress peaks found in the bulk material are significant higher than residual stresses determined near the surface of the samples. This applies for the compressive residual stresses in the weld as well as for the tensile ones in the heat affected zone. The threedimensional stress state present in the material volume may responsible for that observation as the higher degree of restraint related to that give rise to higher residual stresses. Also a delayed martensite transformation due to temperature gradients across the volume which undergoes martensite formation may contribute to diverse residual stresses over the weld cross section. It follows, that especially for multilayer welds on corresponding plate thicknesses, surface and volume need to be considered separately to allow for reliable statements about the level of residual stresses in LTT-welds. 
Summary and Conclusions
The present work dealt with the residual stresses as a result of welding a high strength base material with two different LTT filler wires. The residual stresses were determined separately on the joints surface using conventional X-ray diffraction as well as in the bulk material applying Neutron diffraction. From this study, the following conclusions can be drawn. Despite different main alloying elements and therefore different Ms-temperatures the residual stresses found near the surface as well as in deeper layers of the welds are quite similar. This applies on the one hand for the residual stress distributions, especially in weld longitudinal direction. On the other hand the compressive residual stresses present in both welds are approximately from the same magnitude between -600 MPa and -700 MPa. On the other hand balancing high tensile residual stresses are observed for the adjacent heat affected zone which may reach the yield point of the base material. The results are in good correlation with literature data concerning residual stresses in LTT welded joints [6] - [9] . Both alloys used within this study are appropriate to generate compressive residual stresses in the weld metal. Nevertheless, balancing tensile residual stresses are not negligible. Therefore, systematic evaluation of the influence of boundary conditions (welding parameters, joint configuration) is necessary and scheduled to future investigations. 
